To investigate the effect of lactate, pyruvate, and glucose on the endogenous levels of lipids in the normoxic, ischemic, and reperfused myocardium, isolated working rat hearts were exposed to various grades of ischemic insult (15, 30, or 45 minutes). Glucose was present as the basal substrate in the perfusion medium, and lactate (5 mM) or pyruvate (5 mM) was added as the cosubstrate. Lipid metabolism was evaluated by fatty acid accumulation, triacylglycerol turnover, and phospholipid homeostasis. Exogenous lactate significantly increased fatty acid content above preischemic levels after 45 minutes of ischemia. In glucose-perfused hearts, fatty acid levels were even slightly higher than in lactate-perfused hearts, whereas pyruvate-perfused hearts demonstrated less accumulation of fatty acids. By reperfusion, fatty acid levels in glucose-perfused hearts returned to control values. In lactate-and pyruvate-perfused hearts, fatty acid accumulation was further enhanced by reperfusion. When the fatty acid content exceeded 400 nmol/g dry wt during reperfusion, hemodynamic function was impaired, whereas fatty acid levels below 400 nmol/g dry wt did not nous lactate stimulates the turnover of the endogenous neutral fat pool accompanied by elevated levels of fatty acids under normoxic conditions. In contrast, no cycling of triacylglycerols w-as found in glucose-perfused hearts, whereas in pyruvate-perfused hearts, the triacylglycerol cycling rate was very low. 22'23 It was the aim of the present study to investigate the effect of lactate, pyruvate, and glucose on alterations of the cardiac lipid pool under ischemic and reperfused conditions. In addition, the relation between lipid changes on the one hand and hemodynamic recovery during reperfusion and loss of cellular integrity, as measured by release of myocardial enzymes, on the other was delineated.
Substrate-Induced Changes in the Lipid Content of Ischemic and Reperfused Myocardium nous lactate stimulates the turnover of the endogenous neutral fat pool accompanied by elevated levels of fatty acids under normoxic conditions. In contrast, no cycling of triacylglycerols w-as found in glucose-perfused hearts, whereas in pyruvate-perfused hearts, the triacylglycerol cycling rate was very low.22 '23 It was the aim of the present study to investigate the effect of lactate, pyruvate, and glucose on alterations of the cardiac lipid pool under ischemic and reperfused conditions. In addition, the relation between lipid changes on the one hand and hemodynamic recovery during reperfusion and loss of cellular integrity, as measured by release of myocardial enzymes, on the other was delineated.
Materials and Methods Animals
Hearts were obtained from male Lewis rats (10 weeks old; body weight, 250-350 g). The animals were fed ad libitum (Diet SRM-A, Hope Farms), had free access to water, and were kept under an artificial light cycle of 12 hours.
Experimental Setup
Under light ether anesthesia, hearts were rapidly excised and immediately immersed in an ice-chilled perfusion medium (see below). Lung and fat tissue were removed. Subsequently, hearts were ligated to the aortic cannula of the perfusion system, and retrograde perfusion was started at a perfusion pressure of 8 kPa. A second cannula was connected to the left atrium to allow antegrade perfusion of the hearts. The perfusion system has been described previously. 24 15, 30, or 45 minutes of normothermic no-flow ischemia and subsequently reperfused for 35 minutes (retrogradely during the first 5 minutes and antegradely thereafter). Since hearts were perfused in the assisted mode,25 coronary perfusion pressure (8 kPa) was maintained even when reperfused hearts were unable to provide their own coronary flow. Aortic pressure was continuously monitored at the entrance of the aortic cannula, with a catheter connected to an external pressure transducer (Century Technology Co., Inglewood, Calif.). Mean aortic flow was measured with an electromagnetic flow probe "sine wave" electromagnetic flowmeter (Transfiow 601). Coronary flow was measured by timed collection of the coronary perfusate dripping from the heart. Cardiac output was calculated by adding aortic flow and coronary flow. Platinum electrodes were attached to the surface of the right atrium and ventricle to record the electrogram. Heart rate was calculated by using the electrogram registrations. Stroke volume was defined as cardiac output divided by heart rate.
Collection of Tissue and Effluent Samples
At the end of the preischemic, ischemic (15, 30, 26 The neutral lipid fraction was further separated using thin-layer chromatography. The lipid spots, corresponding to fatty acids and triacylglycerols, were scraped from the plates. After elution from the silica gel powder and methylation, the fatty acid methyl esters were quantitated by gas chromatography. 4'26 GlyceroL Analysis of glycerol was performed in small parts of the frozen ventricles that were freeze-dried at -30°C. The compound was extracted by use of a mixture of perchloric acid (3 M) and dithiothreitol (5 mM) as described previously.24 Glycerol was determined fluorometrically according to Laurell and Tibbling.27 Biochemical Analysis of Coronary Effluent 
Results

Fatty Acids
The preischemic fatty acid content was significantly higher in lactate-and pyruvate-perfused hearts than in glucose-perfused hearts (Figure 1) In lactate-and glucose-perfused hearts, the increase was slightly less than in pyruvateperfused hearts. In this respect, both the lactate-and glucose-perfused hearts reached a significant incorporation of arachidonic acid of 0.1-0.2 ,umol/g dry wt after 30 minutes of ischemia. By reperfusion, the arachidonic acid content of triacylglycerols continued to rise in the lactate-perfused hearts subjected to 45 minutes of ischemia (i.e., 0.24 ,umol/g dry wt above the preischemic value). In pyruvate-and glucose-perfused hearts, the amount of arachidonic acid incorporation in triacylglycerols did not increase further.
Glycerol
Although no decrease of the total triacylglycerol content was observed, glycerol accumulated in tissue of all the hearts during ischemia ( Table 2 ). The three substrate groups showed the highest rate of glycerol increase during the first 15 minutes of ischemia, and levels were nearly constant thereafter. At the end of 45 minutes of ischemia, the total glycerol content was not sigr.ificantly different in the three groups. By reperfusion, the glycerol content decreased toward preischemic values in all hearts. Only in lactate-perfused hearts previously exposed to 45 minutes of ischemia was the end-reperfusion level still significantly elevated above the preischemic value.
The extent of glycerol decrease in tissue after 15 minutes of ischemia and subsequent reperfusion corresponded closely to the amount of glycerol released in coronary effluent when lactate was present as cosubstrate or glucose was present as sole substrate (Table 2) . When hearts were perfused by pyruvate, cumulative glycerol release was slightly above the amount expected on the basis of glycerol decrease in tissue (0.05 <p<0.10). After 30 minutes of ischemia, the lactate-perfused hearts demonstrated significantly elevated levels of glycerol release by reperfusion compared with the decrease in tissue levels. By 45 minutes of ischemia, all three substrate groups showed more release of glycerol than was expected on the basis of the difference between endischemic and end-reperfusion tissue contents of glycerol. The observed discrepancy was most pronounced in lactate-perfused hearts (Table 2) . Phospholipids
The total content of phospholipids in lactate-, pyruvate-, and glucose-perfused hearts (approximately 250 ,umol fatty acid equivalents/g dry wt) did not change during ischemia and reperfusion (data not shown). However, changes in the content of arachidonic acid, a fatty acid predominantly incorporated in the phospholipid pool of normoxic tissue, followed a pattern qualitatively comparable to alterations in the total amount of fatty acids (Table 1 ). In glucose-perfused hearts, arachidonic acid significantly accumulated after 30 minutes of ischemia and reached levels 35 times the preischemic In addition to the duration of ischemia, hemodynamic recovery during reperfusion, expressed as stroke volume, was dependent on substrates available in the perfusion buffer (Figure 2 ). The recovery of stroke volume in glucose-perfused hearts was found to be unaffected after 15 minutes of ischemia. By addition of lactate or pyruvate to the perfusion medium, the recovery of stroke volume was also not influenced after a short interval of ischemia (15 minutes). However, recovery of stroke volume was severely depressed after 30 minutes of ischemia when lactate was present in the perfusion medium. In contrast, pyruvate in combination with glucose significantly improved cardiac function of postischemic hearts compared with glucose as the sole substrate. After 45 minutes of ischemia, both lactate and pyruvate were detrimental for hemodynamic performance during reperfusion. Only glucose-reperfused hearts returned stroke volume to 19% of its preischemic value (i.e., median recovery when each heart serves as its own control).
Lethal Cell Damage
To assess the extent of myocardial damage, the release of LDH into the coronary perfusate was measured during reperfusion. Preischemic LDH release was very low (approximately 25 milliunits/min) and did not differ between the lactate-, pyruvate-, and glucoseperfused hearts. Postischemic LDH release was influenced by the preceding period of ischemia and the type of substrate present (Table 3) . Differences between the flow ischemia and anoxia17,30 as well as in isolated myocytes during hypoxic incubation.31 In the present study, the rate of triacylglycerol cycling during the ischemic phase did not markedly differ between the three substrate groups (Table 4) .
Cycling of triacylglycerols is associated with the consumption of ATP required for activation of fatty acids to acyl coenzyme A. The question can be raised whether activation of triacylglycerol cycling poses a burden on the energetic state of the heart during ischemia. The release of 0.2 ,umol glycerol/g dry wt. min during the first 15 minutes of ischemia corresponds to a fatty acid release of 0.6 gmol/g dry wt. min. Since the fatty acid content of the total triacylglycerol pool is approximately 20 lumol/g dry wt in the lactate-and pyruvate-perfused hearts, it can be calculated that during each minute of early ischemia approximately 3% of the triacylglycerol pool is cycled. In glucose-perfused hearts, approximately 5% of the triacylglycerol pool is cycled per minute, because the content of the total triacylglycerol pool is 11 gmol fatty acid equivalents/g dry wt. For conversion of three fatty acyl moieties into three acyl coenzyme A, 6 mol ATP is used. Hence, it can be Trach et a117 found that in a low-flow ischemia model the energy loss by triacylglycerol cycling was slightly less, i.e., approximately 2.5%. Schoonderwoerd et a130 suggested that 3.3-4.4% of the glycolytically produced energy was consumed in triacylglycerol cycling. The small differences between the results in the present study and the results in the study of Trach et al or Schoonderwoerd et al can be explained by a higher ATP production in a low-flow ischemic model than in a global ischemic model. The assumption that triacylglycerol cycling poses a burden on the ischemic heart from an energetic point of view cannot be confirmed by the data presented. Several investigators4,6'32 have demonstrated that accumulation of arachidonic acid during ischemia and reperfusion most likely indicates disturbed phosphoincorporated in the cellular phospholipid pool (over 99%).4 Like fatty acids, accumulation of arachidonic acid was manifest after 30 and/or 45 minutes of ischemia and more pronounced in glucose-than in pyruvate-perfused hearts but not significantly different from the accumulation in lactate-perfused hearts. It is of interest that in the three substrate groups arachidonic acid was found reincorporated into triacylglycerols during early ischemia. Reincorporation of arachidonic acid moieties into triacylglycerols along with the accumulation of free arachidonic acid implies a higher extent of phospholipid breakdown than would be suggested by free arachidonic acid accumulation only.
Lipid Changes During Reperfusion
During reperfusion, the fatty acid content was profoundly reduced in glucose-perfused hearts. In contrast, in the lactate-and pyruvate-perfused hearts, fatty acid levels were raised above ischemic levels. The fatty acid accumulation was more pronounced in the lactate-than in the pyruvate-perfused hearts at the end of reperfusion that was preceded by 30 and 45 minutes of ischemia. The decrease of accumulated fatty acids in glucose-perfused hearts may be due to either oxidation or reincorporation into lipid pools. Release of fatty acids via coronary effluents is excluded in the present experimental setup because of the lack of circulating albumin. If oxidation of fatty acids is responsible for their decrease in glucose-perfused hearts, the availability of alternative sources may explain limited fatty acid consumption in lactate-or pyruvate-perfused hearts. Interestingly, the fatty acid accumulation did continue in these hearts upon reperfusion. The contribution of arachidonic acid to the fatty acid increase during reperfusion implies prolongation of the phospholipid breakdown.
The average tissue content of triacylglycerols did not significantly change by reperfusion in the three substrate groups. Concomitant release of glycerol indicated an operative triacylglycerol/fatty acid cycle during reperfusion (Table 4 ). In lactate-reperfused hearts, considerable rates of cycling were observed after 30 minutes of ischemia, whereas in glucose-and pyruvatereperfused hearts, cycling rates were enhanced after 45 minutes of ischemia. Increased turnover of the triacylglycerol pool under reperfused circumstances did not coincide with elevated incorporation of arachidonic acid in triacylglycerols of pyruvate-and glucose-perfused hearts. Lactate-perfused hearts, though, demonstrated enhanced incorporation of arachidonic acid in triacylglycerols when preceded by 45 minutes of ischemia.
The consumption of ATP due to cycling during reperfusion as percentage of total energy production cannot be calculated, since no data are available to estimate ATP production during reperfusion. However, the rate of triacylglycerol cycling under reperfused circumstances did not exceed the rate of cycling under ischemic circumstances, even in hearts with the highest rates of cycling (lactate-reperfused hearts subjected to 45 minutes of ischemia). Hence, the ATP consumption by cycling during reperfusion will not rise above the ATP consumption during ischemia (<1.2 gmol ATP/g dry wt * min). Moreover, the ATP production is most 
Lipid Changes and Myocardial Damage
The extent of fatty acid accumulation at the end of ischemia does not unequivocally correlate with the recovery of stroke volume during reperfusion. Glucoseperfused hearts showed the highest levels of fatty acids by ischemia, whereas recovery of stroke volume was better than in lactate-perfused hearts after 30 minutes of ischemia and prevailed over both lactate-and pyruvate-perfused hearts after 45 minutes of ischemia. However, an inverse relation between the tissue fatty acid content at the end of reperfusion and the recovery of stroke volume is found (Figure 3 , Spearman's rank correlation [rh]= -0.76). The strength of this relation is not merely determined by the duration of ischemia, since a similar relation is observed when the three substrate groups subjected to 30 minutes of ischemia and subsequent reperfusion are considered (r,= -0.68). Figure 3 shows that the relation between the hemodynamic recovery and tissue fatty acid content at the end of reperfusion is not linear. There seems to be a threshold value of approximately 400 nmol fatty acids/g dry wt above which reperfused hearts do not recover. Accordingly, in the lactate-perfused hearts, the critical fatty acid threshold was surpassed after 30 and 45 minutes of ischemia and subsequent reperfusion, and hemodynamic function was impaired. In the pyruvateperfused hearts, the threshold value was reached after 45 minutes of ischemia and subsequent reperfusion, and hemodynamic recovery was impaired. In contrast to the lactate-perfused hearts, the pyruvate-reperfused hearts did not demonstrate increased fatty acid levels above the critical threshold when the preceding time of ischemia was 30 minutes. In this group of pyruvate-perfused hearts, hemodynamic recovery was substantial. Moreover, the critical fatty acid threshold was not exceeded in either one of the glucose groups after reperfusion, whereas postischemic hemodynamic recovery was obvious in all glucose groups. Interestingly, when the fatty acid content is below the threshold value of approximately 400 nmol/g dry wt, no strong relation between tissue fatty acid content and hemodynamic recovery can http://circres.ahajournals.org/ be observed. This statement is substantiated by the observation that nearly similar fatty acid levels at the end of reperfusion were found for glucose-perfused hearts subjected to 15, 30, and 45 minutes of ischemia, pyruvate-perfused hearts subjected to 15 and 30 minutes of ischemia, and lactate-perfused hearts subjected to 15 minutes of ischemia, whereas their hemodynamic recoveries were very diverse. Factors other than lipid changes are obviously responsible for the outcome of postischemic function below the critical fatty acid level. Excess production of oxygen free radicals, calcium overload, decreased production of (glycolytic) ATP, osmotic stress, and alterations of enzyme activities have been recognized as potential contributors to the degree of cardiac injury.33,34 Moreover, it has been suggested that pyruvate stimulates the activity of pyruvate dehydrogenase,19 which might explain the protective effect of exogenous pyruvate after 30 minutes of ischemia. However, this protective effect seems to be overruled as soon as the fatty acid threshold is surpassed.
Plotting data of triacylglycerol cycling during reperfusion against hemodynamic recovery indicate a weak negative relation between the extent of triacylglycerol cycling and recovery of hemodynamic function (r,= -0.39). This poor relation does not support the idea that the diverse effects of lactate, pyruvate, and glucose on postischemic recovery are due to different rates of triacylglycerol cycling.
A strong relation is obtained between arachidonic acid accumulation during reperfusion and hemodynamic function (r,= -0.77); hence, breakdown of phospholipids may be involved. Although the fatty acid increase up to 1,000 nmol/g dry wt reflects less than 0.4% phospholipid breakdown when the fatty acids totally come from the phospholipid pool (on fatty acid base), the cell's integrity may be well compromised when breakdown of phospholipids is confined to damaged cells3 or more selectively reflects sarcolemma breakdown." In this respect, a positive, but weak, relation between tissue fatty acid accumulation and enzyme release during reperfusion (r,=0.50) is observed. It seems contradictory that there is no relation between arachidonic acid accumulation (and hence membrane damage) during ischemia and recovery of hemodynamic function after restoration of flow. A possible explanation might be that arachidonic acid accumulation is compartmentalized at different sites during ischemia and reperfusion. Schrijvers and colleagues35 have demonstrated that ischemia induces morphological changes in predominantly mitochondrial membranes, whereas reperfusion induces changes in sarcolemmal membranes. It is unclear whether the relation between arachidonic acid accumulation and hemodynamic recovery is causal.10 Recent findings36 indicate that phospholipid breakdown is not merely a consequence of membrane rupture by osmotic stress but an independent process. Further, an earlier study by Van Bilsen and colleagues37 has shown that treatment of ischemic hearts with mepacrine, a putative phospholipase inhibitor, results in a significant reduction of fatty acid accumulation during reperfusion and, concomitantly, a better recovery of hemodynamic function. Hence, breakdown of phospholipids and accumulation of fatty acids during reperfusion (in a sufficiently severe degree) may be well responsible for cardiac dysfunction.
To summarize, no direct correlation between ischemic lipid changes and postischemic function was found. However, when the fatty acid content increased above a critical threshold of approximately 400 nmol fatty acids/g dry wt during reperfusion, postischemic function was impaired. The fatty acid threshold was surpassed in the presence of either lactate or pyruvate in the perfusion buffer but not in the presence of glucose only. Moreover, lactate augmented fatty acid accumulation during reperfusion compared with pyruvate. Triacylglycerol cycling did not importantly contribute to the extent of cardiac recovery. Accumulation of arachidonic acid during reperfusion demonstrated a strong relation with cardiac recovery after restoration of flow, whereas arachidonic acid accumulation during ischemia did not relate to postischemic cardiac function. Hence, derangements in phospholipid homeostasis during reperfusion might be involved in myocardial damage. The specific effect of lactate (compared with pyruvate and glucose) on membrane function (or in particular on the sarcolemma) remains to elucidated.
